Effect of the incident power on permittivity, losses and tunability of BaSrTiO3 thin films in the microwave frequency range.
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Ferroelectric tunable materials are very promising for the realization of reconfigurable microwave devices. The main advantage is small power consumption due to a low leakage current [1] [2] [3] . For this kind of application, it is necessary to have both a high tunability of the relative permittivity ε r and low dielectric losses tan δ, which is not straightforward as both phenomena are linked. In order to represent the compromise between a high tunability and low losses, the FoM is usually defined as:
where tan δ is the dielectric losses at 0 V and n r (%) corresponds to the relative tunability given in percent:
with ε r (0) and ε r (E DC ) the permittivity without and under the bias electric field E DC , respectively. For the calculation of the FoM , tan δ is multiplied by 100 in order to convert it into percent and to have a homogeneity with the tunability. The higher is the FoM , the more the material properties are suitable for microwave applications. As ferroelectric materials are non-linear materials, the FoM depends not only on the frequency but also on the power of the incident wave, which modifies the dielectric properties at low driving fields due to domain wall motion 5 and at high driving fields due to switching 6, 7 . Domain wall motion particularly creates a sensitivity of the permittivity to the driving field [8] [9] [10] [11] [12] and this latter also influences the dielectric losses which conditions the FoM 13 . Contrary to the frequency, the incident power is often not indicated when reporting the FoM of a ferroelectric material.
In the present paper, the influence of the incident power on the dielectric properties of a ferroelectric thin film in the microwave range is studied and more especially when a bias field is applied. We focus on a moderate power (corresponding to a low driving field E AC ) in order to only obtain domain wall motion (Rayleigh region) but no variation of the domain wall density. The study is done on (100) epitaxial Ba 2/3 Sr 1/3 TiO 3 (BST) thin films deposited by pulsed laser deposition on a (100)-oriented MgO/Ir substrate. More details on the process and the structural characterization are reported elsewhere 5, 14 . The film has a thickness of 0.45 µm and it consists of highly oriented columnar grains of approximately 0.1 µm in width.
The dielectric characterizations are performed using a metal-insulator-metal (MIM) parallel plate capacitor geometry (Fig. 1) . The advantage is the possibility to perform measurements at low and high frequencies and the easy permittivity calculation using the parallel impedance of the capacitor is determined using the reflected S-parameter Γ C :
where Z 0 is the reference impedance (50 Ω). The capacitance C and tan δ are determined using following formula:
with ω the angular frequency.
The incident power has been varied from −20 dBm to 5 dBm (corresponding to E AC < 17 kV/cm) and the bias voltage from 0 V to 10 V with voltage steps of 0.5 V. This corresponds to a maximum bias field of 222 kV/cm with a step of 11 kV/cm for the 450 nm thick film.
In addition to the reflection calibration, a power calibration has been performed and the indicated power thus corresponds to the real power incident on the ferroelectric capacitor.
The extracted relative permittivity and the dielectric losses as a function of the bias field for two incident power values are shown in Fig. 2 . As the Ba 2/3 Sr 1/3 TiO 3 corresponds to a composition in a paraelectric phase 16 , the two characteristics do not present a coercive field and decrease with increasing bias electric field. At zero bias field, the effect of the incident power on the permittivity is very small. Only a slight increase from 957 to 980 can be observed, corresponding to a variation of less than 2.5 %. This increase is due to the domain wall pinning/unpinning contribution to the permittivity which is enhanced when the driving field (or incident power) increases 5, 8, 9 . This clearly indicates the presence and the movement of domain walls even if the BST is considered to be in the paraelectric phase 17 . Above 50 kV/cm, no influence on the relative permittivity is seen as domain coalescence appears 18 , which reduces the domain density. As the domain wall pinning/unpinning contribution depends on the number of domain walls 19 , its contribution to the permittivity is also reduced and the incident power has less impact. As a consequence, the ferroelectric tunability at 222 kV/cm is rather independent from the incident power. The small variation observed (from 78.3 % at −20 dBm to 78.8 % at 5 dBm) is due to the slight difference in permittivity at zero bias.
The increase of the dielectric losses at low bias field as a function of the incident power (from 0.027 to 0.038, corresponding to an increase of 40 %) is more apparent than the variation of the permittivity. This is due to the fact that domain wall motion is a very dissipative phenomena 5, 13, 20 . When the bias field increases, the sensitivity to the incident power decreases quickly. At 50 kV/cm, the losses differ only about 5 % and beyond 100 kV/cm, there is almost no discernable difference. As a consequence of the sensitivity of the dielectrics properties, the FoM of the material also depends on the incident power and varies from 29 to 21 for applied powers of −20 dBm and 5 dBm respectively. FoM is largely influenced by the incident power at microwave frequencies, similar to findings in Ref. 13 .
In order to study the different contributions of domain wall motion to the FoM , the Rayleigh law can be used to describe the variation of the permittivity as a function of the driving field E AC 8 . In the present case, however, the hyperbolic law has been preferred since it describes also the permittivity below the threshold field of domain wall pinning 9 . At fields higher than E th , the two laws are similar. Thus, the permittivity is described by:
where ε rl corresponds to the lattice contribution, ε r−rev to the domain wall vibration and α r to pinning/unpinning of the domain walls. These two latter contributions are only present in ferroelectric materials where the polarization is organized into domains and can reveal a residual ferroelectricity for BST thin films in the paraelectric state 17 . The hyperbolic law can be applied if the driving field E AC is sufficiently low compared to the material's coercive field in order to not provoke a change of the global domain configuration (Rayleigh region) 19 .
When using a VNA for the measurement, only the incident power P RF can be set and a conversion into the actual driving field E AC 5 is necessary:
with t BST the thickness of the thin film and Γ C the reflection coefficient of the load which can be written as:
where C(P RF , E DC ) is the capacitance of the tunable material. For a given ω, the reflection coefficient depends on the capacitance C(P RF , E DC ) which itself depends on the incident RF power P RF and bias field E DC . In the present case, the capacitance varies from 17 pF at zero bias field to 3.6 pF for a bias field of 222 kV/cm. As a consequence, the argument of the reflection coefficient changes from −135°to −60°and the prefactor |1 + Γ C | thus varies from 0.69 to 1.7 (Fig. 3a) .
In order to discern the different contributions, the real and imaginary parts of the per-6 mittivity have been measured as a function of the incident power and bias field. Fig. 4 shows the values obtained without bias field and for a field of 100 kV/cm. The equivalent driving field is different in both cases since the value of the reflection coefficient changes when the capacitance is tuned by the DC field. In the case of the measurement without bias (Fig. 4a) , the increase of the real and imaginary parts as a function of the driving field is readily apparent (about 23 and 11 unities respectively). The evolution of the real and imaginary parts of the permittivity with the incident power is very small (less than 1 unity),
for the measurement at 100 kV/cm bias field (Fig. 4b) , even though the equivalent driving field is larger. This small change is due to almost negligible domain wall pinning/unpinning at high DC fields (represented by a lower value of the α r parameter). This clearly indicates that the bias field changes the contribution of the domain wall pinning/unpinning to the complex permittivity in the microwave region, similar to what has been shown at lower frequency 13, 21 .
Fitting the real and imaginary parts of the permittivity as a function of the incident power with the hyperbolic law (6) allows us to obtain the different contributions to the permittivity. In order to correctly fit the data, the actual driving field associated with the incident power has to be computed for each bias field since the prefactor |1 + Γ C | varies.
The different contributions to the permittivity are shown in Fig. 5 . In order to assess its influence on the material's properties, the generalized expression of the Figure of Merit written as FoM ε 13 shall be used. This value is based on the generalized tunability n r−ε and the dissipation factor m ε = ε /ε where ε may be respectively the contribution ε rl , ε r−rev or α r .
The lattice contribution depends on the bias field (Fig. 5a) , similar to what is observed for the overall permittivity since it represents the main part of the real permittivity (see Table I ). The relative tunability, n r−ε rl , of this contribution is close to the total tunability but the dissipation factor of the lattice, m ε rl , is smaller than the overall value of the dissipation factor. This indicates that other contributions participate to the overall losses. Even though the imaginary part of the lattice contribution represents the most important part of the losses, the relative weight is smaller especially at a power of 5 dBm. Therefore, the FoM ε rl of the lattice contribution is higher than the FoM of the overall permittivity.
A rapid decrease of the domain wall vibration contribution with increasing bias field is shown in Fig. 5b . When a bias field is applied 18 , domain coalescence causes a reduction of the domain wall density. This decrease is consistent with the observation that the vibration contribution is proportional to the domain wall density 19 . At high bias fields, the vibration contribution approaches zero indicating the domain wall density is very small. Therefore, the contribution of the domain wall vibration to the overall permittivity and losses is low (Table I ). The tunability n ε r−rev is high, however, the large dissipation factor confirms that the domain wall vibration is more lossy than the lattice contribution 5, 13, 22 . As a consequence, the FoM ε r−rev for this contribution is relatively low (around 6.1).
The evolution of the pinning/unpinning coefficient as a function of the bias field is shown in Fig. 5c . As with the vibration contribution, the real and imaginary parts of the coefficient decrease with increasing bias field. Domain wall pinning/unpinning also depends on the domain wall density 19 , which explains the observed behavior. At high bias fields, the contribution tends to zero, indicating that domain wall pinning/unpinning no longer con- tributes to the permittivity. The contribution to the overall permittivity and losses is also low according to the domain wall density in the material. The tunability of this contribution is huge but the observed dissipation factor m αr is also very high (Table I) . Pinning/unpinning thus has been found to be 2.7 times more dissipative than domain vibration and 16 times more dissipative than the lattice and the associated FoM αr is very small (2.4).
Finally, at microwave frequencies, domain wall motion (vibration and pinning/unpinning) still contributes to the material's dielectric properties. Despite being highly tunable, the highly dissipative character of domain wall motion results in a considerably smaller FoM compared to the lattice contribution which dominates the permittivity value and has low losses. The weight of the respective contribution in the overall permittivity and losses for an incident power of −20 dBm and 5 dBm without bias along with the tunability and the FoM at 222 kV/cm are summarized in Table I . While intrinsic tunability n r−ε and the dissipation factor m ε are not affected by the incident power, their weight into the overall permittivity and losses does depend on incident power. Further, the domain pinning/unpinning contribution strongly increases with incident power. As a consequence, the overall FoM of the ferroelectric thin film decreases.
The overall tunability of the ferroelectric thin film and the corresponding FoM at 500 MHz 
